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Although grafted cells may be promising therapy for 
stroke, survival of implanted neural cells in the 
brains of stroke patients has never been dociunented. 
Human NT2N (hNT) neurons derived from the NTera2 
(NT2) teratocarcinoma cell line were shown to re- 
main postmitotic, retain a neuronal phenotype, sur- 
vive >1 year in host rodent brains and ameliorate 
motor and cognitive impairments in animal models 
of ischemic stroke. Here we report the first postmor- 
tem brain findings of a phase I clinical stroke trial 
patient implanted with human hNT neurons adjacent 
to a lacunar infarct 27 months after surgery. Neuro- 
filament immunoreactive neurons were identified in 
the graft site, fluorescent in situ hybridization re- 
vealed polyploidy in groups of cells at this site just 
like polyploid hNT neurons in vitro , and there was no 
evidence of a neoplasm. These findings indicate that 
implanted hNT neurons survive for >2 years in the 
human brain without deleterious effects. (Am J 
Patbol2002, 160:1201-1206) 

Stroke affects millions of people worldwide with 
>500.000 new patients per year In the United States. 
Although (ess than a third of strokes are fatal, ^ --60% of 
patients show significant residual impairments,^ and the 



prevalence of stroke-related morbidity will Increase as 
the population ages because there are no therapies that 
reverse these effects. However, implantation of neural 
cells in the stroke penumbra may have therapeutic ben- 
efits by re-establishing neuronal circuits or enhancing 
functions of residual penumbral neurons as suggested 
by some^^ but not air studies of stroke in animal mod- 
els. NT2N (hNT) neurons are derived from a clonal human 
teratocarcinoma cell line (NTera-2 or NT2), and NT2 cells 
acquire a permanent postmitotic neuronal phenotype in 
vitro after retinoic acid treatment Cultured and 
grafted hNT cells exhibit a neuronal phenotype.^ ^"^^ in- 
cluding the formation of functional synapses in wVo^'* as 
well as secretion of neurotransmitters (GABA. dopa- 
mlne),"*^^^ and these neurons are model systems for 
human neurobiology research. ''^"^'^ In addition, grafted 
hNT neurons have been used for stroke therapy in ro- 
dents,^'^® and a phase I clinical trial of grafted hNT 
neurons (produced by Layton Bioscience, Inc., Sunny- 
vale, CA and known as LBS-neurons for human use) for 
stroke therapy has been completed. '^-^^ Here we de- 
scribe grafted hNT neurons in one of these trial patients. 



Materials and Methods 

Details of the phase I protocol for implantation of hNT 
cells in stroke patients have been described. Briefly, 
Leksell model G stereotaxic coordinate frame (Elekta 
Instruments, Atlanta, GA) was applied to the head under 
local anesthesia and mild sedation. Computerized to- 
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mography was performed for stereotaxic targeting to the 
stroke site. The cells were prepared in the Cellular 
Products Laboratory of the University of Pittsburgh 
Cancer Institute and viable hNT cells were implanted 
after the dura was opened and a stabilizing probe was 
inserted to a point 4-cm proximal to the final target. The 
cells were aspirated into a 250-/il syringe, the cannula 
was filled with the cell suspension, and a 20- /il volume 
of cells was injected slowly at the first target site. The 
instrument was then withdrawn to the second and third 
sites for subsequent implants. Immunosuppression 
was begun 1 week before surgery and discontinued 8 
weeks after surgery. 

The focus of the current study was a 71 -year-old man 
with fixed motor deficits (marked left facial weakness, 
slight proximal movement of the left arm and fingers, mild 
leg weakness, but no dysarthria or aphasia) because of 
lacunar stroke of the right putamen. He received stereo- 
taxic implantation of 2 x 10® hNT neurons 34 months 
after infarction adjacent to the infarct in a phase I clinical 
trial (Figure 1 A). This patient died of a presumptive myo- 
cardial Infarction 27 months after Implantation, but unlike 
6 of the 12 patients in the trial who showed motor im- 
provements,^^ this patient demonstrated no motor recov- 
ery. The patient was embalmed, the brain removed and 
then transported to the University of Pennsylvania Hospi- 
tal for neuropathological examination. Blocks of tissue 
were obtained from the entire lacune and graft site as well 
as multiple areas of isocortex, allocortex, brainstem, and 
cerebellum after further fixation In 10% neutral buffered 
formalin. Near serial paraffin-embedded sections were 
cut for histochemistry, including hematoxylin and eosin 
(H&E), Bodian, and Luxol Fast Blue/NissI staining, as well 
as immunohistochemistry with antibodies to glial fibrillary 
acidic protein, neurofilament (NF) proteins (RMD020), 
and Ki-67 (MIB-1) as described.^''^-'^ 

Fluorescent in situ hybridization (FISH) was performed 
on 4-/im-thick paraffin-embedded sections using Vysis' 
LSI probes (Vysis, Downer's Grove. IL) according to the 
manufacturer's recommendations with two different sets 
of probes. To visualize chromosome 21 alone, Vysis' LSI 
21 SpectrumOrange (loci D21S259, D21S341. D21S342, 
region 21q22.13-q22.2: product no. 32-190002) was 
used. Vysis' MultiVysion PGT (product no. 32-131080) 
was used to visualize both chromosome 13 (13q14; 
SpectrumRed) and chromosome 21 (21q22.13-q22.2; 
SpectrumGreen). 

Tissues studied by FISH included the brain of the 
current patient (Including the graft site wherein neurons 
were identified by immunohistochemistry), a control hu- 
man brain, and the graft site in rat brains previously 
injected with hNT neurons. Cells with fluorescent signals 
were enumerated in at least 50 nonoverlapping nuclei in 
each case using a Nikon fluorescent microscope 
equipped with a triple band-pass filter set. The numbers 
of signals per nucleus were counted for each cell. Be- 
cause hNT neurons required FISH and oil immersion 
fluorescence microscopy for identification, stereoiogy 
could not be used to count the total hNT neurons in the 
graft site. 



Results 

On neuropathological examination of the 1246 g brain, 
macroscopic abnormalities were an — 3 x 1 .5 x 2-cm 
resolved right putamen lacune encroaching on the inter- 
nal capsule and an -1-cm^ gliotic area medial to the 
infarct consistent with the site of the grafted hNT neurons 
(Figure 1. A and B). Although spinal cord was not avail- 
able for study, corticospinal tract degeneration was 
noted to extend from the internal capsule through brain- 
stem (Figure 1C). Histological examination demonstrated 
extensive gliosis with numerous glial fibrillary acidic pro- 
tein-immunoreactive astrocytes and some hemosiderin- 
laden macrophages surrounding the infarct. Bodian and 
Luxol Fast Blue myelin stains revealed extensive loss of 
myelinated axons in the lacune and throughout the ipsl- 
lateral corticospinal tract (Figure 1 D). No tumor was iden- 
tified anywhere in the brain, and a monoclonal antibody 
to Ki-67, a protein expressed in cycling cells, immunola- 
beled <sc:l% of cells (data not shown), consistent with the 
absence of a neoplasm. There was no evidence of addi- 
tional infarcts, vasculopathy, inflammatory/infectious dis- 
orders, neurodegenerative disease, congenital anoma- 
lies, and so forth. 

Histochemical stains demonstrated a population of 
neurons at the graft site (Figure 1 E), and many were NF 
protein immunoreactive consistent with grafted hNT 
neurons in experimental animals (Figure 1F). However, 
implanted hNT neurons could not be identified un- 
equivocally by immunohistochemistry In human brain, 
although hNT neurons can be identified in rodent brain 
with human species-specific antibodies to neuronal 
proteins.'*'^°'^°~^^ To overcome this problem and iden- 
tify neurons in the graft site as hNT neurons, we ex- 
ploited the known stable polyploidy of hNT neurons in 
FISH studies of sections through the graft site contain- 
ing NF-posltive neurons. Because hNT neurons have 
been shown to be polyploid for chromosome 21, but 
not for chromosome 13, we used FISH with DNA 
probes designed for use on formalin-fixed paraffin- 
embedded tissue. Accordingly, we conducted FISH to 
probe sections of the graft site in the patient's brain, a 
control human brain, and the graft site in a rat brain 
previously injected with hNT neurons. A single chro- 
mosome 21 -specific probe detected multiple signals in 
nuclei within the previously identified hNT neuron graft 
site of the rat brain (Figure 2A). Similarly, polyploidy for 
chromosome 21 was observed at the hNT neuron in- 
jection site in the current patient (Figure 28). Using a 
cocktail of FISH probes for multiple chromosomes, we 
evaluated chromosome numbers in nuclei of neurons 
at the hNT graft site and demonstrated polyploidy in 
chromosome 21, but not chromosome 13, at the hNT 
neuron implantation site in the current patient (Figure 
2; C to F and Figure 3). Thus, the presence of cells with 
a neuronal phenotype and distinctive chromosomal 
features of hNT neurons is consistent with survival of a 
population of grafted hNT neurons in the brain of this 
patient 27 months after implantation. 
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Figure 1. E^diographical and neuropathological features of lacunar infara and hNT graft site. A: Preoperative CT scan of the patient's brain in horizontal plane 
shows the location of the putamenal infarct (arrofw) and the taiget site of the hNT2 graft (+). B: Gross photograph of brain (cut in the coronal plane) shows 
the infarct (green arrows) as well as the site of the grafted hNT neurons medial to the infiara (blue arrow). O Low-power photomicrograph of a Luxol Fast 
Blue-stained seaion of pons showing myelin loss indicative of corticospinal traa degeneration on the right side (arrow) ipsilateral to the infarct. D: 
Histopathology of the lacune (asterisk) with disaipted axons (left) and gliosis (right) as revealed in a Luxol Fast Blue-stained sertion (scale bar, 1 mm). E: 
H&E-stained section shows a neuron and gliosis within the graft site (scale bar, 20 itm\ F: Inununohistochemistry with an anti-NF protein antibody (RMD020) 
shows two NF-positivc neurons surrounded by gliosis within the graft site (scale bar, 20 jim). 



Discussion 

The findings reported here confirm that grafted hNT neu- 
rons do not revert to a neoplasm, consistent with previous 
studies in experimental animals for >1 year^^^* and they 
suggest that a population of transplanted hNT neurons 



survived in the brain of this patient for 27 months after 
implantation. Although mature neurons duplicate chro- 
mosomes before cell death in Alzheimer's disease,^^ and 
fibroblasts from Alzheimer's disease patients can be tri- 
somic for chromosome 21 which could confound inter- 
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Figure 2. FISH signals within neuronal nuclei in hNT graft site. A: A section through the graft site in the brain of rat subjected to ischemic stroke was proljed by 
FISH as a positive control to demonstrate hNT neurons polyploid for chromosome 21 as evidenced by three red fluorescent FISH signals in the nucleus of the 
neuron shown at high magnification here (scale bar, 20 pim). B: Using the same chromosome 21 probe as in A, FISH shows polyploid nuclei (three small red 
fluorescent FISH signals at bottom left) in a neuron at the graft site of the current patient in sections adjaceru to those in Figure 1. E and F (scale bar, 20 fun). 
The fluorescence at the top right is lipofiisdn. OF: FISH staining of sections adjacent to those in Figure 1, E and F, shows more than two signals for chromosome 
21 but t\s'o signals for chromosome 13 in neurons within the implantation site (scale bars, 40 pm). C and E (left) show neurons viewed with a rhodamine filter 
to visualize FISH signals corresponding to chromosome 13 in red (white arrows) whereas D and F (right) show neurons viewed with a FTTC filler to demonstrate 
FISH signals corresponding to chromosome 21 in green (yellow arrows). The bhie arrow in £ indicates a large autofluorescent Lipofuscin accumulation. 



pretatfon of our FISH data here, the current patient did not 
have Alzheimer's disease and the control brain did not 
have polyploid neurons (Figure 3). 



Although there have been a few previous studies de- 
scribing the neuropathology of human brain transplant 
efforts, these implants were performed for therapy of 
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Figuf« 3. A comparison of the relative abundance of polyploid nuclei in 
seaions from a control human brain (SI in yellow) and the hNT graft site in 
the brain of the present case (S2 in black) examined by FISH with probes for 
chromosomes 13 and 21 using the semiquantitative procedures described in 
the text. The largest percentage of cells in both brains contain nuclei with two 
or fewer FISH signals (row 1), wherexs a negligible percentage of cells 
contain nuclei with more than t^^'o FISH signals for botli chromosomes 13 
and 21 (row 3). However, relative to the control brain, the graft site in the 
brain of the stroke patient shoe's a high percentage of cells containing nuclei 
witli more than two FISH signals predominantly for chromosome 21 (row 2). 



neurodegenerative disease, and used embryonic human 
neural cells. In contrast, hNT cells are well-stud- 

led clonal human neurons with several distinct advan- 
tages for use in therapy of human brain diseases. For 
example, they: 1) do not pose ethical or legal problems 
because they are not derived from human embryos; 2) 
are highly uniform unlike cells cultured from living ani- 
mals; 3) do not harbor known human pathogens or po- 
tentially infectious agents present in xenografts; 4) are 
available in unlimited quantities produced in accordance 
with general manufacturing procedures for human use; 5) 
have been extensively characterized in vitro and are ame- 
nable to genetic engineering;"'"'""'^ and 6) have been 
transplanted and characterized previously in normal ro- 
dents as well as in animal models of stroke, Huntington's 
disease, Parkinson's disease, and trauma, with encour- 
aging results.^-'*'^''®"^^'^'* 



Acknowledgments 

We thank Dr, Clayton Wiley, Ms, Terry Schuck, Dr. 
Raghunath Puthiyaveetti, and Ms. Eileen Heatherby for 
advice and assistance with the postmortem studies. 



References 

1 . Wolf PA. Kanne! WB, Verier J: Current status of risk factors for stroke. 
Neurol Clin 1983. 1:317-343 

2. Kojima S. Omura T, Wakamalsu W. Kishi M. Yamazakl T, lida M. 
Komachi Y: Prognosis and disability of stroke patients after 4 years in 
Akita, Japan. Stroke 1990. 21:72-77 

3. Borlongan CV. Saporta S. Poulos SG, Othberg A. Sanberg PR: Via- 
bility and survival of hNT neurons determine degree of functional 
recovery in grafted iscfiemic rats. NeuroReport 1998. 9:2837-2842 

4. Borlongan CV, Tajima Y, Trojanowski JQ. Lee VM-Y, Sanberg PR: 
Transplantation of cryopreserved human embryonal carcinoma-de- 



rived neurons (NT2N cells) promotes functional recovery in Ischemic 
rats. Exp Neurol 1998. 149:310-321 

5. Netto CA. Hodges H. Sinden JD. LePeillet E. Kershaw T. Sowinski P. 
Meldrum BS. Gray JA: Foetal grafts from hippocampal region supe- 
rior alleviate ischaemic-lnduced behavioural deficits. Behav Brain 
Res 1993. 58:107-112 

6. Saporta S. Borlongan CV. Sanberg PR: Neural transplantation of 
human neuroteratocarclnoma (hNT) neurons into ischemic rats. A 
quantitative dose-response analysis of cell survival and behavioral 
recovery. Neuroscience 1999, 91:519-525 

7. Grabowski M. Johansson BB. Brundin P: Fetal neocortical grafts 
placed in brain infarcts do not improve paw-reaching deficits in adult 
spontaneously hypertensive rats. Acta Neurochir 1996, 66:S68-S72 

8. Andrews PW: Retinoic acid induces neuronal differentiation of a 
cloned human embryonal carcinoma cell line in vitro. Dev Biol 1984, 
103:285-293 

9. Andrews PW: Teratocarcinomas and human embryology: pluripotent 
human EC cell lines. APMIS 1998, 106:158-167 

10. Miyazono M, Lee VM-Y. Trojanowski JO: Proliferation, cell death, and 
neuronal differentiation in transplanted human embryonal carcinoma 
(NTera2) cells depend on the graft site in nude and severe combined 
immunodeficlent mice. Lab Invest 1995. 73:273-283 

11. Pleasure SJ. Page C, Lee VM-Y: Pure, postmitotic, polarized human 
neurons derived from NTera 2 cells provide a system for expressing 
exogenous proteins in terminally differentiated neurons. J Neurosci 
1992. 12:1802-1815 

12. Lee VM-Y, Hartley RS, Trojanowski JQ: Neurobiology of human neu- 
rons (NT2N) grafted into mouse spinal cord: implicattons for im- 
proved therapy of spinal cord injury. Prog Brain Res 2000, 128:299- 
307 

13. Trojanowski JQ, Kleppner SR. Hartley RS. Miyazono M, Fraser NW, 
Kesari S. Lee VM-Y: Transfectable and transplantable post-mitotic 
human neurons: a potential "platform" for gene therapy of nervous 
system diseases. Exp Neurol 1997, 144:92-97 

14. Hartley RS, Margulis M. Rshman PS. Lee VM-Y. Tang C-M: Functional 
synapses are formed between human NTera2 (NT2N. hNT) neurons 
grown on astrocytes. J Comp Neurol 1999. 407:1-10 

15. Duntop J. Beal MH. Lou Z, Franco R: The pharmacological profile ot 
L-glutamate transport In human NT2 neurones is consistent with 
excitatory amino acid transporter 2. Eur J Pharmacol 1998, 360:249- 
256 

16. Saporta S. Willing AE, Colina LO, Zigova T. Milliken M, Daadi MM. 
Sanberg PR: In vitro and in vivo characterization of hNT neuron 
neurotransmitter phenotypes. Brain Res Bull 2000. 53:263-268 

17. Zigova T. Barroso if. Willing AE, Saporta S, McGrogan MP. Freeman 
TB, Sanberg PR: Dopaminergic phenotype of hNT cells in vitro. Brain 
Res Dev Brain Res 2000. 122:87-90 

18. Baker KA. Hong M, Sadi D, Mendez I: Intrastriatal and intranigral 
grafting of hNT neurons in the 6-OHDA rat model of Parkinson's 
disease. Exp Neurol 2000, 162:350-360 

19. Satoh J. Kuroda Y: Differential gene expression between human 
neurons and neuronal progenitor cells in culture: an analysis of ar- 
rayed cDNA clones In NTera2 human embryonal carcinoma cell line 
as a model system. J Neurosci Methods 2000. 94:155-164 

20. Hartley RS, Trojanowski JQ, Lee VM-Y: Differential effects of spinal 
cord gray and white matter on process outgrowth from grafted human 
NTERA2 neurons (NT2N, hNT). J Comp Neurot 1999. 415:404-418 

21. Miyazono M. Nowell PC. Rnan JL. Lee VM-Y. Trojanowski JQ: Long- 
term Integration and neuronal differentiation of human embryonal 
carcinoma cells (NTera-2) transplanted into the caudoputamen of 
nude mice. J Comp Neurol 1996. 376:603-613 

22. Philips MF, Muir JK. Saalman KE. Raghupathi R. Lee VM, Trojanowski 
JQ, Mcintosh TK: Survival and integration of transplanted postmitotic 
human neurons following experimental brain injury in immunocompe- 
tent rats. J Neurosurg 1999, 90:116-124 

23. Trojanowski JQ. Mantione JR. Lee JH. Seid DP. You T. Inge LJ. Lee 
VM-Y: Neurons derived from a human teratocarcinoma cell line es- 
tablish molecular and structural polarity following transplantation Into 
the rodent brain. Exp Neurol 1993. 122:283-294 

24. Kondzlolka D, Wechsler L. Goldstein S, Meltzer C. Thulborn KR. 
Gebel J. Jannetta P, DeCesare S. Elder EM. McGrogan M, Reitman 
MA, Bynum L Transplantation of cultured human neuronal cells for 
patients with sUoke. Neurology 2000, 55:565-569 

25. Hurlbert MS, Gianani Rl. Hutt 0. Freed CR. Kaddis FG: Neural trans- 



1206 Nelson etal 

AJP April 2002, Vol. 160, No. 4 



plantation of hIMT neurons for Huntington's disease. Cell Transplant 
1999. 8:143-151 

26. Meltzer CC. Kondzlolka D. ViHemagne VL. Wechsler L. Goldstein S. 
Thurlborn KR, Gebel J. Elder EM, DeCesare S, Jacobs S: Serial [ISF] 
fluorodeoxyglucose positron emission tomography after human neu- 
ronal implantation for stroke. Neurosurgery 2001. 49:586-591 

27. Yang.Y, Geldmacher DS. Herrup K: DNA replication precedes neuronal 
ceil death in Alzheinner's disease. J Neurosci 2001, 21:2661-2668 

28. Geller LN. Potter H: Chromosome missegregation and trisomy 21 
mosaicism in Alzheimer's disease. Neurobiol Dis 1999. 6:167-179 



29. Fink JS. Schumacher JM. Ellias SL. Palmer EP. Saint-Hilaire M. 
Shannon K. Penn R, Starr P. VanHorne C, Kott HS. Dempsey PK, 
Fischman AJ. Raineri R. Manhart C, Dinsnrwre J, Isacson O: Porcine 
xenografts in Parkinson's disease and IHuntington's disease patients: 
preliminary results. Cell Transplant 2000. 9:273-278 

30. Freeman TB. Cicchetti F, Hauser RA. Deacon TW. Li XJ. Hersch SM, 
Nauert GfVI. Sanberg PR. Kordower JH. Saporta S. Isacson O: Trans- 
planted fetal striatum in Huntington's disease: phenotypic develop- 
ment and lack of pathology. Proc Natl Acad Sci USA 2000. 97:13877- 
13882 



